Thiobacillus ferrooxidans is found in many Alaskan and Canadian drainages contaminated by metals dissolved from placer and lode gold mines. We have examined the iron-limited growth and iron oxidation kinetics of a T. ferrooxidans isolate, AKI, by using batch and continuous cultures. Strain AKI is an arsenictolerant isolate obtained from placer gold mine drainage containing large amounts of dissolved arsenic. The steady-state growth kinetics are described with equations modified for threshold ferrous iron concentrations.
The bacterium ThiobacillusJerrooxidans is responsible for metal leaching and acid production in water draining from sulfide deposits. T. ferrooxidan.s can catalyze the dissolution of metals either by directly attacking sulfide ores or by oxidizing reduced iron leading to indirect dissolution via the ferric ion (3) . Sulfides and metals (such as arsenic) are commonly associated with lode gold deposits and are sometimes associated with placer deposits (46) . Recently, T. ferrooxidans has been isolated from streams in Alaska and northern Canada that are affected by mining.
Brown et al. (6) found large numbers of T. Jerrooxidans in drainage from 90% of the placer mines that they sampled. Concentrations of dissolved arsenic >10 parts per billion (10 ,uig/liter) were found in 30% of those same streams. T.
ferrooxidans and arsenic were also present in streams affected by lode mining. In addition, T. Jerrooxidans will leach substantial amounts of arsenic from placer gold mine material (H. V. Luong, J. F. Braddock, and E. J. Brown, Geomicrobiol. J., in press). These results suggest that T. Jerrooxidans may be directly involved in the leaching of arsenic and other metals associated with active and abandoned mines to subarctic streams and groundwaters. However, the mechanisms by which these organisms are involved in the cycling of metals such as arsenic are not fully understood.
Many investigators have studied the microbiologically mediated dissolution kinetics of various sulfide minerals (10, 23, 26, 32, 42, 44) . Although the growth kinetics of various thiobacilli when grown on reduced sulfur compounds have been described (2, 18, 25, 31) , the iron-limited growth kinetics of T. ferrooxidans are not well understood. The partial kinetic descriptions that are found in the literature (21, 27-29, 33, 43) show inconsistent results. This may be due to the difficulties of growing this organism, particularly in continuous culture, and to taxonomic uncertainty about isolated strains of acidophilic iron oxidizers (13) .
In this study, we used batch and continuous cultures to describe the iron-limited growth and iron oxidation kinetics of a T. ferrooxidans isolate (AKI) obtained from a stream near Fairbanks, Alaska. This stream is affected by placer mining and contains large amounts of dissolved arsenic. The * Corresponding author. growth and iron oxidation kinetics of isolate AK1 appear to deviate from traditional kinetic models. There was no apparent effect on the growth or iron oxidation kinetics of this isolate when the initial ferrous iron concentration was increased from 9.0 to 23.3 mM. Additionally, the presence of reduced arsenic in the feed ferrous iron did not affect the kinetics of this arsenic-tolerant isolate.
MATERIALS AND METHODS Microorganisms. T. ferrooxidans AK1 was originally isolated from Eva Creek, located near Fairbanks, Alaska, and is the same isolate as strain TF133 described by Martin et al. (34) . Eva Creek is heavily affected by placer gold mining and is known to contain large amounts of dissolved arsenic (6) . Growth medium. The growth medium was modified from that described by Tuovinen and Kelly (45) isoamyl alcohol. The aqueous (arsenite-containing) phase was analyzed, as described above, by atomic absorption spectrophotometry (4). Arsenate ion concentrations were calculated as the differences between total arsenic and aqueous phase concentrations. Carbon. Organic carbon was measured by the wet-chemical method described for the Technicon Auto Analyzer II (industrial method no. 451-76W/A, 1978, Technicon Instruments Corp., Inc., Tarrytown, N.Y.). This method was selected for its sensitivity (0.4 to 20.0 mg of C * liter-') and small sample volume requirement (2 ml).
Kinetic measurements. A list of continuous-culture parameters is found in Table 1 . The relationships among these parameters were used to describe the growth and iron oxidation kinetics of T. ferrooxidans in continuous culture. Growth rates (pL) were plotted against residual ferrous iron concentrations with a modified Monod model (8) . The modified Monod relationship can be expressed as (1) and can be linearized by the relationship (2) (see Table 1 for definition of symbols). This linearization was selected rather than the more commonly used double-reciprocal plot since it is less biased by deviations at low substrate concentrations (11) and, for these experiments, yields a more accurate estimate of the maximum growth rate (P.max). Alternatively, P-max was estimated with equations analogous to thqse from the internal stores model (17, 40) . e iron oxidation rate (v) was analyzed as a function of the residual ferrous iron concentration, specific growth rate, and carbon yield (Ycarbon) . The relationship between v and the external ferrous iron concentration (S) was linearized as described for the Monod model. Regression analysis was used to estimate best-fit lines for all linear relationships. (Fig. 4) . The apparent P-max was 0.070 h-l, and the threshold-corrected growth halfsaturation constant (K, ) was 0.78 mM (Fig. 4) .
Ycarbon, expressed as carbon produced per iron oxidized as a function of growth rate, is shown in Fig. 5 . The steadystate Ycarbon decreased with the increasing dilution rate for this isolate. This decrease is apparently related to a decrease in carbon per cell as a function of growth rate (Fig. 6) for this isolate. The carbon-to-cell ratio was not constant when strain AK1 was grown in batch cultures (Fig. 2) .
(ii) Iron oxidation kinetics. The Michaelis-Menten relationship between the gross (total) iron oxidation rate and the external ferrous iron concentration at three different influent ferrous iron concentrations is shown in Fig. 7 . The apparent threshold ferrous iron concentration for gross iron oxidation at three SR values was ca. 0.25 mM, the same value estimated for growth kinetics. This indicates that iron oxidation and growth kinetics are tightly coupled. Thresholdmodified linearization of the gross iron oxidation rate versus the external ferrous irori concentration is shown in Fig. 8 Fig. 9 . Since saturation was not apparent, we assumed that the relationship between 1'carhon and S was linear (first order). A theoretical maximum net iron oxidation rate must exist; therefore, the rates we observed for AKi must be significantly below the maximum. The x intercept (threshold) concentration of the linear relationship (Fig. 9) is 0.24 mM. The slope of the line (Fig. 9) is mathematically analogous to steady-state affinity (as) as defined by Button (9) Decreasing yields with increasing growth rate have commonly been observed for a variety of microorganisms grown in chemostats under the limitation of inorganic ions such as phosphate, magnesium, silicate, ammonium, and nitrate and of vitamins such as B12 (5, 12, 30, 40) . The internal-stores kinetic model originally proposed by Droop (17) and modified by Rhee (40) has been used to describe growth rates as a function of internal rather than external concentrations of limiting substrates. It is essential in this kinetic model that yields vary inversely with growth rate since concentrations of intracellular substrate increase with increasing growth rate (38, 40) . The application of either the Monod or the internal-stores model to the observed growth of dilute, ironlimited cultures of isolate AK1 is limited. Despite these recognized limitations, either model can be used to mathematically describe some growth and iron oxidation functions for this isolate.
The Monod model was used to estimate iron-limited growth parameters for strain AKi with respect to external ferrous iron concentrations. The values we found for PLmax and K. were somewhat lower than those reported for other isolates of T. ferrooxidans. Values reported for other isolates cultured in chemostats include the following: a Pmax of 0.14 h-V and a K of 37 mM (43); a Pmax of 0.161 h-l and a K of 3.8 mM (33); and a -max of 1.25 to 1.78 h-1 and a K of 0.7 to 2.4 mM (27, 28) . These apparent discrepancies are probably a result of growing the organism under different physiological regimes (i.e., pH and temperature) and of variations in the microorganisms classified as T. ferrooxidans. Several investigators recently demonstrated that variations of taxonomic importance may occur among different isolates of T. ferrooxidans. Variations have been found in DNA base composition studies (20, 34) , physiological studies (41) , and morphological studies (13) . Growth and iron-oxidation kinetics of these iron-oxidizing bacteria may be yet another way of describing a functional classification for these microorganisms.
Our results also show apparent threshold ferrous iron concentrations of about 0.25 mM for both iron-limited growth and iron oxidation. The threshold ferrous iron concentration observed here represents a concentration of substrate unavailable to strain AKi for ehergy utilization but is not analogous to maintenance energy since the same threshold exists for both growth rate and iron oxidation rate (i.e., maintenance energy is observed as a positive threshold only for growth in conventional kinetic models). T. Jerrooxidans strain grown in either tetrathionate-or thiosulfate-limited chemostat cultures. However, the lowest dilution rate used in these studies was 0.02 h'. The apparent threshold of 0.25 mM for both growth and iron oxidation indicates that growth and iron oxidation are tightly coupled in isolate AKI. The threshold value may be an indication of inhibition of ferrous oxidation at high ratios of ferric iron to ferrous iron. However, increasing ferric iron/ferrous iron ratios do not change specific (biomass-adjusted) ferrous oxidation rates (7) .
The yield of organic carbon for strain AK1 was relatively constant in batch cultures, ranging from 0.12 to 0.20 mg of carbon per mmol of iron oxidized. However, steady-state (continuous-culture) data indicate a decreasing curvilinear dependence of Ycarbon on the specific growth rate. particularly below the point where p. = 0.03 h-1 (Fig. 5) (24) .
The steady-state growth kinetics of strain AKI apparently do not depend on the initial ferrous iron concentration (Fig.  3) over the range of SR values used in these experiments. Additionally, the growth kinetics of this isolate are not affected by the addition of reduced arsenic to the ferrous iron-containing feed.
Iron oxidation kinetics. The gross ferrous iron oxidation rate at steady state depends on the influent ferrous iron concentration (see Fig. 7 as a function of the S-S, is independent of the SR for strain AKI (Fig. 9) . Therefore, enzyme concentration, not ferric inhibition of ferrous-iron oxidation, appears to be responsible for the results observed in Fig. 7 
